To assess the potential role of autophagy in amyotrophic lateral sclerosis (ALS), lumbar spinal cords in a total of 19 sporadic ALS cases and 27 age-matched controls were investigated. Immunohistochemical analysis using antibodies to the markers of autophagy microtubule-associated protein light chain 3 (LC3) and p62 was performed on samples from 12 ALS and 15 controls. Electron microscopy was performed on samples from 16 ALS and 15 controls, including overlapping cases. In the ALS cases, the somata of normalappearing and degenerated motor neurons and round bodies were occasionally immunostained for LC3; round bodies and skein-like inclusions were immunostained for p62. By electron microscopy, all 16 ALS patients showed features of autophagy in the cytoplasm of normal-appearing motor neurons and, more frequently, in degenerated motor neurons. Autophagosomes surrounded by a double-membrane and autolysosomes isolated by a single membrane contained sequestered cytoplasmic organelles, such as mitochondria and ribosome-like structures. These autophagy features were also found in close association with the characteristic inclusions of ALS (i.e. round bodies, skein-like inclusions, and Bunina bodies); honeycomb-like structures also occasionally showed autophagyassociated features. Normal-appearing anterior horn neurons in control patients showed no autophagy features. Thus, autophagy seems to be activated and upregulated in the cytoplasm of motor neurons and may be involved in the mechanisms of neurodegeneration of motor neurons in sporadic ALS.
INTRODUCTION
There are 2 main pathways for the degradation of intracellular components in eukaryotic cells: the ubiquitinproteasome and autophagy-lysosome pathways. The ubiquitinproteasome system, which accounts for most of the selective intracellular protein degradation, plays crucial roles in the degradation of short-lived regulatory proteins and abnormal proteins that need to be eliminated from the cells (1) . By contrast, although the degradation of cytoplasmic proteins and organelles is achieved through several pathways such as macroautophagy, microautophagy and chaperone-mediated autophagy (2) , the intracellular bulk degradation of cytoplasmic constituents is mediated largely by macroautophagy, generally referred to as autophagy. Macroautophagy delivers cytoplasmic components to the lysosome for degradation in eukaryotic cells and is believed to be the main pathway among several subtypes of autophagy.
Autophagy consists of several sequential steps. The initial step is the elongation of the isolation membrane, called phagophore, which enwraps small portions of cytoplasmic organelles. Its edges then fuse into the formation of double-membrane structures called autophagosomes. Finally, the outer membrane of the autophagosome fuses with lysosomes to form autolysosomes and the sequestered cytoplasmic materials are degraded by the lysosomal hydrolases, together with the inner membrane of the autophagosome; this is followed by the generation of amino acids that are recycled for macromolecular synthesis and energy production (3, 4) . In contrast to the ubiquitinproteasome system, because autophagosomes engulf portions of cytoplasmic organelles, autophagy is generally thought to be a nonselective or less selective degradation system.
Autophagy is upregulated in response to cellular stress and can provide an adaptive strategy for cell survival; however, it may also directly or indirectly contribute to cell death (4Y6). With its dual roles in life and death, autophagy plays central roles in various physiological processes such as development and aging, and in many pathologic conditions and processes including cancer, infectious diseases, and excitotoxicity (7Y12). Recent genetic studies in mice have documented the importance of constitutive or basal autophagy in neurons, in which the loss of autophagy results in severe neurodegeneration (13, 14) . On the other hand, autophagy is upregulated in neurons in several conditions, including nutrient starvation, development, and neurodegeneration (15, 16) .
Very little is known about autophagy in amyotrophic lateral sclerosis (ALS) (17Y20). This study investigated the lumbar spinal cord in patients with sporadic ALS and agematched control patients using immunohistochemistry with antibodies to microtubule-associated protein light chain 3 (LC3), a marker for autophagosome (21, 22) , and p62, which directly interacts with LC3 and is degraded by autophagylysosome pathway (23) . Electron microscopy (EM) was also used to characterize the morphology of autophagy in ALS cases. This is the first report on autophagic processes commonly observed in the cytoplasm of motor neurons in patients with sporadic ALS.
MATERIALS AND METHODS

Light Microscopy
The lumbar levels (L1YL5) of the spinal cord of 19 autopsied patients with sporadic ALS (aged 49Y83 years; mean, 68.1 T 8.0 years) and 27 age-matched control patients (aged 48Y83 years; mean, 65.2 T 10.8 years) were investigated. The spinal cords were fixed in formalin at autopsy. After fixation, the lumbar spinal cords were embedded in paraffin. Five-micrometer-thick sections were stained with hematoxylin and eosin (H&E) and Klüver-Barrera.
Immunohistochemistry
Paraffin-embedded spinal cord sections of 15 controls (aged 48Y83 years; mean, 70.2 T 9.6 years) and 12 ALS patients (aged 49Y83 years; mean, 66.8 T 9.0 years) were immunostained ( Table 1 ). The antibodies used were a rabbit polyclonal anti-LC3 antibody (1:20000; Medical Biological Laboratories, Nagoya, Japan) (to avoid nonspecific staining, the concentration was much lower than that recommended by the manufacturer), and a guinea pig polyclonal antiYN-terminal domain of human p62 antibody (1:3000, GP62-N; Progen Biotechnik, Heidelberg, Germany). The sections were deparaffinized, rehydrated, quenched for 10 minutes at 4-C in 3% H 2 O 2 , rinsed in phosphate-buffered saline, pH 7.6, pretreated for 20 minutes at room temperature with 5% skim milk in phosphate-buffered saline, and then incubated overnight at 4-C with the primary antibodies. For enhancement, microwave treatment (500 W, 95-C, 20 minutes) in 10 mmol/L of citrate buffer (pH 6.0) was performed. Staining with the anti-LC3 antibody was visualized by the polymer immunocomplex method using the ENVISION system (DAKO, Glostrup, Denmark) as follows: the first incubation with primary antibody for 2 hours at room temperature was followed by washing in Tris-buffered saline and incubation with secondary antibody. For anti-p62, sections were incubated with biotinylated secondary antibody and then subjected to the avidin-biotinylated horseradish peroxidase complex method (Vector Laboratories, Burlingame, CA). The final chromogen was 3,3 ¶-diaminobenzidine tetrahydrochloride. Sections from which the primary antibody was omitted served as negative reaction controls. All sections were counterstained with hematoxylin. 
Electron Microscopy
The lumbar spinal cord was studied by EM in 16 patients with sporadic ALS (aged 49Y83 years; mean, 68.7 T 8.5 years), including 9 patients (Cases 3, 4, 6, 8, 9, 10, 13, 14, and 16) used in the immunohistochemical study, and 15 age-matched control patients (aged 44Y80 years; mean, 62.7 T 11.2 years); these included 3 controls (Cases 5, 11, and 12) used in the immunohistochemical study who died without having any known neurologic disease (Table 2 ). In all ALS and control cases, an autopsy was performed within 6 hours of death to minimize postmortem artifacts. The lumbar spinal cord (L1YL5) was fixed in 2% glutaraldehyde with phosphate buffer (pH 7.40) at the time of autopsy. After fixation, the anterior horns at each level of the lumbar spinal cord were sectioned transversely, postfixed in 1% osmium tetroxide for several hours, dehydrated, and embedded in epoxy resin. Each block was cut into serial semithin sections (approximately 1 Km thick). These sections were stained with toluidine blue. Appropriate portions of the sections were cut into ultrathin sections, which were then stained with uranyl acetate and lead citrate for EM. In the controls, a total of 173 normal-looking large anterior horn neurons and a total of 72 degenerated motor neurons showing chromatolytic change were studied. Electron microscopic photographs covering the whole area of the cytoplasm in each motor neuron were obtained under an original magnification of 5,000. Then the films were developed, and the pictures were enlarged to black and white photographic paper (13 Â 18 cm) under final magnification of 9,500.
RESULTS
Light Microscopy
Bunina bodies, Lewy body-like inclusions (round bodies), and skein-like inclusions were observed in H&E-stained sections in the cytoplasm of motor neurons in 18, 14, and 3 of 19 ALS patients, respectively (Tables 1 and 2 ). Skein-like inclusions were hardly recognized by H&E, whereas eosinophilic Bunina bodies and round bodies were easily detected. None of the control patients showed any inclusion body.
Immunohistochemistry
Except for 1 degenerated motor neuron in a single control case showing diffuse immunopositivity in the soma, neither small nor large motor neurons showed LC3 immunoreactivity in the cytoplasm of controls (Fig. 1A) . On the other hand, pericapillary rosettes in the neuropil of anterior horns (24) were LC3-positive (Fig. 1B) . In all control cases, anterior horn neurons were not immunostained for p62.
In the ALS cases, normal-appearing ( Fig. 2 ) and degenerated anterior horn neurons were occasionally immunostained for LC3. Ectopic neurons in the white matter of the anterior column and abnormal structures such as colloid inclusions were also occasionally immunostained for LC3 (not shown). Pericapillary rosettes in anterior horns were also immunostained for LC3. Lewy body-like inclusions (round bodies) were almost always LC3-negative (Figs. 3A, B) , with some exceptions (Figs. 3C, D) . Bunina bodies and skein-like inclusions were not immunostained for LC3. On the other hand, round bodies (Figs. 4A, B ) and skein-like inclusions (Figs. 4C, D) were p62-positive. Bunina bodies were p62-negative. Sections from which the primary antibodies (LC3 and p62) had been omitted showed no immunoreactivity.
Electron Microscopy
A total of 173 normal-looking large anterior horn neurons analyzed in control patient samples showed abundant Nissl bodies, mitochondria, lipofuscin granules, and lysosomes in the somata and exhibited no autophagic processes in the cytoplasm (Figs. 5A, B) . In addition, a total of 72 degenerated motor neurons, probably affected by each disease process and/or medication such as anticancer drugs, showed chromatolytic change with an eccentric position of the nucleus, the fragmentation and the paucity of the rough endoplasmic reticulum (rER), abundant mitochondria, and neurofilaments in the cytoplasm; these neurons exhibited no autophagy-like structures (Figs. 6A, B) . However, a motor neuron with large vacuolation in a single case and a degenerated motor neuron with electron-dense material resembling a Bunina body in another case showed autophagosome-like (Fig. 7A ) and autolysosome-like (Fig. 7B) structures, respectively. No autophagy was observed in the myelinated axons of the anterior horn, anterior column, lateral column, or anterior roots of the control samples.
In ALS patients, as in the controls, normal-appearing large motor neurons contained abundant rER, mitochondria, lipofuscin granules, and lysosomes; degenerative motor neurons with central chromatolytic changes showed fragmentation and the paucity of rER, abundant mitochondria, and occasionally increased cytoplasmic neurofilaments. Both normal-appearing and degenerated motor neurons of all ALS patients exhibited inclusion bodies characteristic of ALS. Round bodies that consist of randomly arranged filaments associated with fine granules were observed in 10 of the 16 patients. Skein-like inclusions that consist of a bundle of densely packed filamentous structures running parallel to the longitudinal axis and tubular profiles on the transverse sections were found in 15 of the 16 ALS patients. All patients exhibited Bunina bodies that consist mainly of electron-dense granular or amorphous material usually surrounded or invaginated by vesicles and tubular structures.
Autophagosomes surrounded by a double membrane (Fig. 8) and autolysosomes surrounded by a single membrane (Fig. 9) were variably observed in the cytoplasm of all patients. In particular, the patients with a short clinical course and relatively well-preserved anterior horn neurons (Patients 1, 2, and 3) showed more numerous autophagosomes and autolysosomes. These autophagy-related structures were demonstrated under 4 circumstances. First, they were occasionally observed in the somata of normal-appearing large motor neurons (Figs. 8 and 9 ). They were usually scattered in the cytoplasm. Sequestered cytoplasmic organelles consisted of various kinds of structures such as mitochondria, ribosome-like structures (Fig. 8) , and amorphous, vesicular, membranous, or multilamellar materials (Fig. 9) . The space between the double membranes was usually translucent but occasionally contained amorphous or vesicular material. Second, they were more frequently observed in the cytoplasm of degenerated motor neurons with central chromatolytic change or pigmentary atrophy (Figs. 10A, B ) than in normal-appearing motor neurons; they frequently clustered in the cytoplasm. Third, they were closely associated with ALS-characteristic inclusion bodies, that is, round bodies, skein-like inclusions, and Bunina bodies. Of 65 round bodies, 55 (approximately 85%) contained autophagosomes and/or autolysosomes inside (Fig. 11) and/or on the periphery. Skein-like inclusions were frequently engulfed by autophagosomes with a double-membrane (Figs. 12A, B) or autolysosomes with a single membrane (Fig. 12C) . Of 72 Bunina bodies, 39 (approximately 54%) contained autophagyrelated structures inside (Fig. 13) and/or on the periphery. Fourth, these structures were also observed within honeycomblike structures (Fig. 14) . No autophagy was observed in the normal-appearing myelinated axons of the anterior horn, anterior column, lateral column, and anterior root, but 1 of 6 round bodies observed in the swollen or normal-sized axons showed autophagosomes inside. Some swollen axons consisting of the accumulation of neurofilaments only occasionally contained autophagy-associated structures.
DISCUSSION
as ''adaptive autophagy,'' is to supply amino acids for cell survival under poor environmental conditions. This type of autophagy is rapidly induced under nutritional deprivation in yeast (25) and in newborn mice (26) and serves as a basic survival strategy in all eukaryotes. The second purpose, known as ''basal autophagy'' or ''constitutive autophagy,'' is to degrade proteins in the cell through continuous operation at a low level irrespective of nutritional stress. Basal autophagy is responsible for the turnover of long-lived proteins, disposal of excess (27) or damaged organelles (28) , and clearance of aggregate-prone proteins (29, 30) . Thus, under physiological conditions, autophagy has a number of vital roles including the maintenance of the amino acid pool during starvation, prevention of neurodegeneration, antiaging, and tumor suppression (4, 12, 16) .
Accumulating evidence indicates that autophagy may protect against the development of a number of neurodegenerative diseases and that a deficiency in autophagy induction could lead to the aggregation of abnormal proteins in neurodegenerative disease models in vitro and in vivo (29Y33). Moreover, mice with neural cellYspecific knockouts of the autophagy-related 5 (Atg5) gene develop progressive motor and behavioral deficits and display abnormal limb-clasping reflexes that are accompanied by the accumulation of cytoplasmic ubiquitin-positive inclusion bodies in neurons (13) . These results suggest that the continuous clearance of diffuse cytosolic proteins through basal autophagy is important for preventing the accumulation of abnormal proteins that can disrupt neural function and ultimately lead to neurodegeneration (13) . Indeed, the inhibition of mTOR induces autophagy and reduces toxicity of polyglutamine expansion in fly and mouse models of Huntington disease (30) . Thus, autophagy may include a protective mechanism to degrade mutant or toxic proteins because defects in autophagy-related pathways contribute to the accumulation of neurotoxic proteins and the ensuing neuronal cell death.
In contrast, autophagy activation may also contribute to neurodegeneration (6, 34) . Neonatal mice subjected to hypoxic-ischemic injury show dramatically increased autophagosome formation and extensive hippocampal neuron death, whereas mice deficient in Atg7, a gene essential for autophagy induction, show nearly complete protection from both hypoxic-ischemicYinduced caspase-3 activation and neuronal death. These data suggest that autophagy plays an essential role in triggering neuronal death execution after hypoxic-ischemic injury (35) . Targeted disruption of cathepsin D (a major lysosomal protease) in mice results in the aberrant accumulation of autophagosomes that is accompanied by extensive pathologic alterations (36) . Moreover, morphologic evidence of autophagy has been reported in neurodegenerative diseases including Parkinson, Huntington, and Alzheimer diseases and in transmissible spongiform encephalopathies (37Y40). A recent study using a cellular model of frontotemporal dementia has reported that upregulation of autophagy initiation only led to a greater accumulation of autophagosomes, probably due to the defective autophagic vacuole clearance, thereby increasing stress and subsequent neuronal loss (41) . Thus, autophagy is a double-edged sword, and it remains to be elucidated whether autophagy protects against neurodegeneration or has adverse effects on neurons.
LC3, a mammalian homolog of Atg8, is processed after posttranslational modifications into the cytosolic form of LC3 (LC3-I), which is then converted to the inner and outer membranes of autophagosomes (LC3-II). Autophagy is induced in axonal dystrophy and degeneration by the association of LC3-I with axonal constituents (42) . Thus, LC3 immunopositivity of pericapillary rosettes, which consist of dystrophic axons (24) , may be due to the accumulation of autophagy-associated structures and/or the interaction of LC3-I with degenerated axons. The LC3 antibody used in the present study detects both LC3-I and -II. LC3 has been proposed to function as a receptor for a selective substrate, p62 (43) , which directly interacts with LC3 and is preferentially degraded by the autophagy-lysosome pathway (43, 44) . Because p62 has an ubiquitin-binding domain, ubiquitinated proteins and inclusion bodies may be recruited to the autophagosome membrane via p62 (43, 44) ; the ubiquitin-and LC3-binding protein p62 may regulate the formation of protein aggregates and is removed by autophagy (33) . The main morphologic criterion for recognizing autophagy is identifying cytoplasmic components such as ER and mitochondria within autophagosomes (45) . This definition is straightforward and it is usually easy to identify autophagosomes or at least those organelles that envelop cellular contents. Recent studies have shown that aggregate-prone proteins such as >-synuclein (46) , superoxide dismutase (47) , and prions (48) are degraded through autophagy.
There have been several reports of autophagy in ALS. Autolysosomal processing of skein-like inclusions is indicated in a single case of ALS (17); autophagy in transgenic mice with G93A mutant SOD1 gene is increased because of upregulation of LC3-II immunoreactivity (18, 19) ; and mutations in the autophagy-lysosomal pathway transport machinery have been shown to be associated with frontotemporal dementia and ALS (20) . p62 localizes in skein-like inclusions and round bodies, but Bunina bodies are negative for p62 (49) . In this study, some normal-appearing as well as some degenerated motor neurons in ALS cases were LC3-immunopositive, ALS-characteristic inclusions were p62-immunopositive, and normal-appearing motor neurons in the controls were not immunostained for either. Moreover, by EM, all ALS patients exhibited autophagosomes and/or autolysosomes in the cytoplasm of both normal-appearing and, more frequently, degenerated motor neurons, and the increase in autophagic processes was closely correlated with ALS-characteristic inclusions. These findings suggest that the primary target of autophagy is not only diffuse cytosolic proteins but also inclusion bodies themselves. In this regard, it is possible that the autophagic pathway could be preferentially activated in the cellular response to misfolded proteins in the ER, because ER stress, defined as the accumulation of misfolded or unfolded proteins in the ER lumen, seems to be involved in the pathomechanism of neurodegeneration of motor neurons in sporadic ALS (50) . Moreover, honeycomblike structures have been observed continuous with the smooth ER in normal cerebella but are more common in a variety of pathologic conditions (51, 52); they have also been reported in the cytoplasm of anterior horn cells in sporadic ALS patients (50, 53) . Thus, honeycomb-like structures may be pathologically associated with rER alterations, but it remains to be elucidated further how they relate to ALS.
Activated autophagy suggests expression of involvement in excessive degradation of misfolded proteins or FIGURE 11 . Electron microscopy of a round body in a motor neuron from a patient with amyotrophic lateral sclerosis contains autolysosomes (arrows) with mitochondria and vesicles. Bar = 1 Km. aggregates, and also suggests that autophagy is a key pathway for the clearance of aggregate-prone cytosolic proteins in ALS. Autophagy upregulation decreases soluble levels of aggregate-prone proteins, decreases the proportion of cells with inclusions, and attenuates toxicity (28, 54, 55) . In contrast, excessive autophagy seems capable of promoting cell injury (56) . In this study, the absence of autophagosomes in the cytoplasm of normal-looking motor neurons in controls is consistent with previous reports that the levels of autophagosomes detected in neurons are very low under normal and even starvation conditions (22) . By contrast, both autophagosomes and autolysosomes were far more abundant in the cytoplasm of motor neurons in patients with sporadic ALS, which is consistent with typical results of the induction of autophagy (57) . Thus, the difference in the frequency of appearance of autophagic processes between the controls and sporadic ALS is considerable. These findings suggest that in sporadic ALS mild to moderate upregulation of autophagic activity at the early stage of motor neuron degeneration might play a protective role in the segregation of abnormal proteins by rapidly forming aggregates or inclusion bodies via p62 to avoid cellular dysfunction; at the later stages, autophagy insufficiency or deficiency caused by overproduction of misfolded proteins or aggregates may contribute to the neurodegeneration of motor neurons, eventually leading to autophagic cell death.
Some reports suggest that autophagosomes can be generated locally within the axon and then transported in a retrograde direction along the axon toward the cell body for fusion with lysosomes (58, 59) . The fusion of the autophagosome with the lysosome is controlled by the dynein/ dynactin complex, which is associated with retrograde axonal transport (60) . When a mutation of either dynein or dynactin occurs, there is impairment of the fusion and the autophagolysosome is not produced (60) . Activated autophagy in the cytoplasm of motor neurons combined with no activation of autophagy in the axons observed in this study suggests that the autophagosome and autolysosome accumulation in the somata of motor neurons is not due to the upregulation of autophagy within the axon but due to the activation of autophagy in the cytoplasm in patients with sporadic ALS.
